Utilizing a recently found solution to the problem of a spontaneously radiating atom with an extended center-of-mass wave function ͓K. Rzażewski and W. Ż akowicz, J. Phys. B 25, L319 ͑1992͔͒ it is shown, for nonrelativistic atomic velocities, that the field density matrix is a statistical mixture of parts corresponding to emission from different positions within the wave packet.
Recent progress in both the generation of atomic beams with small velocity spread and the fabrication of subtle mechanical structures made it possible to perform diffraction and interference experiments with atoms, in perfect analogy to classical optics ͑for an overview see ͓1,2͔͒. In this way, atom optics has come into existence as a new discipline that is evolving rapidly. In contrast to photons, however, atoms have an internal structure that may affect the outcomes of atom-optical experiments. To treat effects related with the spontaneous emission of light from atoms whose center-ofmass motion is taken into consideration, Rzażewski and Ż akowicz provided a theoretical basis ͓3͔, generalizing the well-known Weisskopf-Wigner solution ͓4͔. They concentrated on the line shape and spectral features of the emitted radiation affected by Doppler shifts due to the atomic motion.
The decoherence of the atomic center-of-mass wave function produced by the spontaneously emitted light has recently been measured and treated theoretically ͓5͔. We derived the atomic density matrix for this case ͓6͔ applying the solution from ͓3͔.
In this publication we do not consider the atomic centerof-mass wave function but the spatial field correlations of the emitted light; to this end we derive the density matrix of the electric field. Considering spontaneous emission from an extended atomic wave packet or, to make things even more instructive, a wave packet decomposed into two parts well separated in space, one might naively ask whether there will be a coherent superposition ͑in the sense of Young's two-slit interference experiment͒ of the light fields emitted from the two parts of the wave packet, or an incoherent one. In the literature one finds proponents of both alternatives. While in Ref. ͓7͔ it was shown theoretically that a similar process, namely, light scattering from an extended atomic wave packet, is of incoherent nature, the authors of a recent experimental work ͓8͔ apparently favor the alternative picture. They produced, by applying a strong longitudinal magnetic field, ''beaded atoms,'' i.e., atoms with a beadlike structured center-of-mass wave function, and then observed the timeof-flight spectra of the emitted Lyman-␣ photons. When the observations were made at an angle of 45°, they found interference patterns that could be reproduced, more or less accurately, from the ͑classical͒ picture of ''light sources emitting coherently Lyman-␣ photons and located at the same points as the centers of the multiple wave packets'' ͓8͔.
The goal of the present paper is to settle the problem in question. We will show that spontaneous emission from an extended wave packet is actually an incoherent process, in accordance with Ref.
͓7͔.
We are interested in the field that is present after the atomic transition has happened with certainty. This means that we consider the wave function for the total system: atom ϩ radiation field at a time t that is large compared with the mean lifetime of the exited level, tӷ␥ 0 Ϫ1 . Under this assumption the system's wave function factorizes into a field part and the atomic ground-state wave function. The solution ͓3͔ gives us the wave function for the field in the form of an integral over the atomic momenta p and a sum over all field modes labeled j:
Here, M is the mass of the atom and 0 its resonance frequency; k j and j denote the propagation vector and the ͑angular͒ frequency of the mode j. The j 's are the coupling constants ͑in units of ប) and ␣ 0 (p) describes the initial atomic wave function ͑at tϭ0) in the momentum representation.
In what follows we will neglect the recoil in the denominator on the right-hand side of Eq. ͑2a͒. This approximation is justified in the nonrelativistic case vӶc (v atomic velocity͒, as will be shown in some detail in the Appendix. Then Eq. ͑2a͒ reduces to the much simpler form
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As we are interested only in field properties, i.e., in the density operator for the field F , we trace over the atomic momenta of the density operator for the total system:
͑3͒
According to Eq. ͑2b͒ we thus have to evaluate the integral
͑4͒
Let us note here that due to the linearity of the tracing operation in Eq. ͑3͒ the case of a mixed state atomic center-ofmass wave function is included in our treatment. In order to bring the spatial atomic wave function (r) into play, we make use of the well-known relation
Equation ͑4͒ then gives us
Inserting this expression into Eq. ͑3͒, we arrive at the final result:
Here, the integrand, apart from the factor ͉(r)͉ 2 , is nothing but the Weisskopf-Wigner solution ͓4͔ for an atom localized at position r. ͓Note that the product j exp(Ϫik j •r) is the correct coupling constant for this case; see ͓4͔.͔ Hence our main result ͑7͒ has a simple physical interpretation: What is observed on the field, the intensity or spatial field correlations, is a weighted sum of contributions corresponding to different initial positions r of a pointlike particle. In other words, the field is the same as that from a localized emitter whose center of mass is uncertain in the sense of classical statistics, i.e., only not precisely known. Coherences of the atomic center-of-mass wave function in no way affect the emitted field, in particular, no interference between partial waves emitted from separate parts of the wave packet occurs. The equivalent result for light scattered on atomic wave packets was derived by Cohen-Tannoudji, Bardou, and Aspect ͓7͔.
For illustration we derive the intensity I(R,t) of the far field at position R:
where Ê (Ϫ) and Ê (ϩ) are the negative and positive frequency parts of the electric field operator. Utilizing the well-known expression for the intensity obtained in the WeisskopfWigner approximation ͑see, e.g., ͓9͔͒, we find from Eq. ͑7͒ that
with the step function ⌰, and as the angle between the atomic dipole moment and RϪr. Assuming R to be much larger than the spatial extension of the atomic wave packet we may consider fixed for given R. In this case an atom with a Gaussian position distribution centered at the origin,
yields the radiation intensity
where it was assumed that Rӷa. A plot of ͑11͒ shows that the smeared spatial distribution of the atomic wave packet smooths the front edge of the emitted pulse ͑see Fig. 1͒ .
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APPENDIX
In this appendix we will describe the general scheme for calculating spatial field correlations. From this, we will see that neglecting the recoil effect in Eq. ͑2͒ is very well justified in realistic conditions encountered in atom optics.
We expand the positive and negative frequency parts of the electric field strength in terms of running plane waves, where a j † and a j are the familiar creation and annihilation operators and b j the polarization vector for the mode j. The correlation function K(R 2 ,R 1 ;t)ϵ͗⌿(t)͉E (Ϫ) ϫ(R 2 )•E (ϩ) (R 1 )͉⌿(t)͘, with ͉⌿(t)͘ given by Eq. ͑1͒, then takes the form
Hence, what has to be calculated, in a first step, is the sum
where we have put j ϭck j , 0 ϭck 0 , and ⌰ denotes the angle between k and p. The factor exp͕Ϫi(p 2 /2បM Ϫ 1 2 0 )t͖ in Eq. ͑2͒ has been dropped, since it cancels obviously in Eq. ͑A2͒.
In performing the summation one usually integrates first over k, extending the integration in an approximation from Ϫϱ ͑instead of 0͒ to ϩϱ. This allows one to apply the residue theorem. To this end we have to determine the zeros of the denominator in Eq. ͑A3͒. They are readily found to be
As follows from the requirement of Einstein causality, the field can be excited only for rрct. This means that the exponential in Eq. ͑A3͒ decreases in the lower half plane. Hence the integral reduces to the residue at the zero lying in the lower half plane, i.e., the zero
From this result it becomes obvious that we are entitled to drop the first two terms in the denominator of Eq. ͑A3͒, and, equivalently, Eq. ͑2͒, when pӶM c or vӶc. Let us give a realistic estimation. When the spatial extension of the wave packet whose center is assumed to be at rest, is given by a, the momentum spread, according to Heisenberg's uncertainty relation, is about ប/2a. Hence the velocity is of the order of ប/2aM Ϸ3ϫ10 Ϫ4 /a ͓cm/s͔, where is the atomic mass in units of the mass of the hydrogen atom. Let a be about an optical wavelength, then v/cϷ2ϫ10 Ϫ10 /, which certainly can be neglected in comparison with unity, even for light atoms. Under these conditions, also the Doppler width ⌬ D ϭ 0 v/cϷ2ϫ10 5 Hz is negligible compared to the natural linewidth, ␥ 0 у10 8 Hz. An extended treatment including the terms of next order in vϭ p/M in Eq. ͑A4͒ yields ͓10͔ that the atomic center-ofmass coherences cannot be monitored by the emitted radiation even if the recoil is very large. The corresponding modifications of the light spectrum are treated in ͓3͔.
